Abstract Retinal and choroidal vascular diseases constitute the most common causes of moderate and severe vision loss in developed countries. They can be divided into retinal vascular diseases, in which there is leakage and/or neovascularization (NV) from retinal vessels, and subretinal NV, in which new vessels grow into the normally avascular outer retina and subretinal space. The first category of diseases includes diabetic retinopathy, retinal vein occlusions, and retinopathy of prematurity, and the second category includes neovascular agerelated macular degeneration (AMD), ocular histoplasmosis, pathologic myopia, and other related diseases. Retinal hypoxia is a key feature of the first category of diseases resulting in elevated levels of hypoxia-inducible factor-1
Introduction
The retina is supplied by both the retinal and choroidal vasculature
The retina consists of a series of neurons that transduce images into neuronal signals that are processed and sent to the visual cortex for decoding. The photoreceptors which capture light and initiate neural transmission are located at the back edge of the retina so that light must travel through all the other layers before it is captured (Fig. 1a, b ). Blood vessels absorb light and cast a shadow which would cause blank spots in images if the vessels were located immediately in front of photoreceptors. Therefore, the outer retina is avascular and retinal vessels supply only the inner retina; they are located far enough in front of photoreceptor outer segments that light is able to get around them. The retinal vessels enter at the optic nerve head, travel along the surface of the retina, and send penetrating branches that form the intermediate and deep capillary beds that supply the inner two thirds of the retina (Fig. 1b) . The photoreceptors obtain oxygen and nutrients from choroidal vessels which are separated from them by the retinal pigmented epithelium (RPE).
Any disturbance in the concentration of electrolytes in the extracellular compartment of the retina disrupts neural transmission and degrades vision. The blood-retinal barrier (BRB) rigorously controls the entry of fluid and electrolytes into the extracellular space maintaining an appropriate milieu. There are two components of the BRB, the inner BRB constituted by retinal vascular endothelium, which has tight junctions and other specialized barrier characteristics, and the outer BRB constituted by the RPE, which also has tight junctions and other barrier properties. The RPE sits on Bruch's membrane which separates it from the capillaries of choroidal vessels (choriocapillaris). The choriocapillaris is fenestrated allowing pooling of plasma along the basal surface of the RPE which facilitates diffusion and transport to the photoreceptors; the RPE barrier prevents excess fluid from entering the subretinal space and outer retina.
Retinal neovascularization
Wound repair in skin and many other tissues involves neovascularization (NV), sprouting of new vessels from preexistent vessels, to repair or replace damaged vessels. In the retina, NV is not productive and rather than ameliorating the underlying problem, it exacerbates it. New vessels originating from retinal vessels may initially grow within the retina, and clinicians call this intraretinal microvascular abnormalities (IRMA), but over time they grow to the retinal surface and into the vitreous at which point clinicians designate the new vessels as retinal NV. The NV adheres to the inner surface of the retina and outer surface of the vitreous. Unlike normal retinal vessels, IRMA and NV are deficient in tight junctions and hence leak plasma into surrounding tissue including the vitreous (Fig. 2a) . Plasma causes the vitreous gel to degenerate, contract, and eventually collapse which pulls on the retina. Since retinal NV is adherent to both retina and vitreous, as the vitreous contracts, the NV may be sheared resulting in vitreous hemorrhage or the NV may remain intact and pull the retina with the vitreous resulting in retinal elevation referred to as traction retinal detachment. When traction retinal detachment involves the macula, which is responsible for reading and driving vision, severe visual loss occurs.
In the group of diseases in which retinal NVoccurs including diabetic retinopathy, retinopathy of prematurity, and retinal vein occlusions, a common feature is that the underlying disease process damages retinal vessels, causes them to close and results in retinal ischemia (Fig. 2a) . Hence, these diseases are referred to as ischemic retinopathies. In 1948, it was postulated that ischemic retina releases an angiogenic factor responsible for retinal NV [1] and since then considerable research has been devoted to identifying this factor. Initially, most attention focused on fibroblast growth factor-1 (FGF-1) and FGF-2 because they are present in high levels in the retina and have angiogenic activity [2] . Attention was also given to vascular endothelial growth factor (VEGF) when it was demonstrated that it is increased in ischemic tissue [3, 4] and sampling of intraocular fluid from patients with ischemic retinopathies demonstrated high levels of VEGF [5] .
The development of animal models that mimic key aspects of a disease provides invaluable tools for gaining insights into the disease and ultimately developing treatments. The observation that high levels of inspired oxygen Fig. 1 Location of the retina within the eye (a) and retinal blood vessels within the retina (b). a Schematic cross section of the posterior part of the eye around the optic nerve shows the macula which is located temporal to the optic nerve and is responsible for our best vision. The foveal pit or depression is located in the center of the macula and is the area needed for the very best vision. The round blow up on the left shows that the multilayered retina sits on the retinal pigmented epithelium (RPE) which sits on Bruch's membrane. The central retinal artery enters through the optic nerve and sends numerous branches along the surface of the retina to the peripheral edges of the retina. The arterioles enter capillaries which enter venules and then veins that run along the surface of the retina and enter the central retinal vein that exits through the optic nerve. b A further blow up of the retina shows that the retinal arteries branch to form the superficial capillary bed near the surface of the retina and send penetrating branches to form the intermediate and deep capillaries. The outer third of the retina which consists of the photoreceptor outer and inner segments and cells bodies is avascular. It receives oxygen and nutrients from the choroidal circulation. Large choroidal vessels branch and become progressively smaller until they form the choriocapillaris which is fenestrated and allows plasma to pool along Bruch's membrane. The RPE, which has barrier characteristics, prevents fluid from entering the outer retina but allows oxygen and nutrients to enter suppresses retinal vascular development resulting in areas of nonperfused retina and retinal NV helped to elucidate the pathogenesis of retinopathy of prematurity and also led to the development of models relevant to all ischemic retinopathies [6] [7] [8] . The mouse model of oxygen-induced ischemic retinopathy has proven most useful [9] . The retinal vasculature in mouse retina (Fig. 3a) is similar to that seen in humans (Fig. 1) ; large vessels run along the surface and branch to form the superficial capillary bed and also send penetrating branches that form the intermediate and deep capillary beds. In mice with oxygen-induced ischemic retinopathy, the retinal vessels are dilated and there are tufts of NV on the surface of the retina (Fig. 3b) . Demonstration that a specific VEGF antagonist suppressed retinal NV in this model provided the first clear demonstration that VEGF stimulates retinal NV [10] . Further work demonstrated that VEGF also drives normal retinal vascular development and high inspired oxygen during retinal vascular development down-regulates VEGF, halts vascularization of the retina, causes newly formed vessels to regress, and results in areas of nonperfused retina [11, 12] . Return to room air results in hypoxia in the nonperfused areas of retina which then produce high levels of VEGF causing retinal NV [10, 13] .
The identification of hypoxia-inducible factor-1 (HIF-1) as a key transcription factor that mediates increased expression of hypoxia-regulated genes [14] [15] [16] helped to fill in more detail regarding the pathogenesis of retinal NV. HIF-1 has two subunits, HIF-1α, expression of which is increased in hypoxic tissue and HIF-1β, which is constitutively expressed. In the mouse model of ischemic retinopathy, HIF-1α levels are increased and show temporal and spatial correlation with excess VEGF [17] . Gene transfer of a constitutively active form of HIF-1 induces retinal NV in the absence of retinal ischemia [18] . Implication of HIF-1 focused attention on other HIF-1-regulated genes, including placental growth factor (PlGF), platelet-derived growth factor-B (PDGF-B), and stromal derived growth factor-1 (SDF-1). PlGF is a member of the VEGF gene family that binds to VEGFR1 and like VEGF promotes recruitment of bone marrow-derived cells and stimulates retinal NV [19] . Retina-specific expression of PDGF-B in transgenic mice results in severe NV and retinal detachment, which is typical of ischemic retinopathies [20, 21] . SDF-1 is expressed in ischemic retina and promotes recruitment of bone marrowderived cells which contribute to retinal NV because specific antagonists of CXCR4, the receptor for SDF-1, reduce macrophage influx and retinal NV in ischemic retina [22] .
As NV sprouts develop, the endothelial cells differentiate into tip and stalk cells and tip cells proliferate, extend filopodia, and migrate along VEGF gradients. The process is regulated by hypoxic induction of Notch signaling [23] which suppresses or stimulates tip cell formation through opposing actions of delta-like ligand 4 and Jagged1 [24] [25] [26] . Growth and guidance of tip cells is regulated by several signaling molecules that also participate in neuronal growth cone guidance [27] . Thus, retinal NV occurs in diseases in which the underlying disease process damages retinal vessels causing areas of vessel closure and retinal ischemia Fig. 2 Fluorescein angiograms from patients with proliferative diabetic retinopathy, an ischemic retinopathy (a) or subretinal neovascularization (b). Sodium fluorescein was injected intravenously, and then a fundus camera with filters that block extraneous wavelengths of light was used to record the image caused by emission of fluorescence from the retina. The white dye should be confined within retinal vessels, which progressively branch to form capillaries. a In a patient with proliferative diabetic retinopathy, the major retinal vessels branch into smaller vessels that extend into the macula. The resolution is not sufficient to see individual capillaries; they merge together and appear as gray areas between large vessels. There is a black area (surrounded by white arrows) of nonperfused retina in which all of the capillaries and larger vessels are closed due to damage from diabetes. There is retinal neovascularization (NV) on the surface of the retina adjacent to the nonperfused retina, at the optic disk, and above the optic disc (asterisks). The individual new vessels cannot be seen because they have leaked dye into the extracellular space causing confluent white patches. b In a patient with choroidal NV due to age-related macular degeneration, major retinal vessels are seen extending from the optic nerve (far right of image) in an arc around the macula which is in the center with many branches from the arcade vessels extending into the macula. In the center of the macula, an oval hyperfluorescent area is seen (arrows); it is beneath the retina and the retinal vessels pass over it. This is an area of choroidal NV which is a convoluted network of vessels like those shown histologically in Fig. 3d viewed through the retina. Individual vessels are not seen because the vessels leak dye into the extracellular space and therefore the network of new vessels are seen as a hazy area of hyperfluorescence with a fairly distinct border leading to increased levels of HIF-1 which stimulate expression of a group of hypoxia-regulated genes that together stimulate the growth of new vessels.
Subretinal NV
Subretinal NV refers to new vessels growing beneath the retina in the subretinal space regardless of the location from which the vessels originated (Fig. 2b) . There are two types of subretinal NV based upon origin of the vessels: (1) retinal angiomatous proliferation (RAP) which originates from the deep capillary bed of the retina and grows through the photoreceptor layer to reach the subretinal space (Fig. 3c) and (2) choroidal NV which sprouts from choroidal vessels and extends through Bruch's membrane and the RPE to reach the subretinal space (Fig. 3d) [28] . Both types of subretinal NV occur in patients with AMD, and they have similar consequences with regard to vision loss. Transgenic mice in which the rhodopsin promoter drives expression of VEGF in photoreceptors (rho/VEGF mice) develop RAP [29, 30] . Very low density lipoprotein receptor knockout mice also develop RAP, and they too have increased expression of VEGF in photoreceptors [31, 32] . Thus, VEGF is an important stimulus for RAP. In contrast, rho/FGF2 transgenic mice do not develop RAP and do not have a spontaneous phenotype [33] .
A shared feature of diseases in which choroidal NV occurs is the presence of defects or deposits in Bruch's membrane and abnormal RPE. Rupture of Bruch's membrane by laser photocoagulation in monkeys results in choroidal NV [34] . This model was adapted to mice to take advantage of mouse genetics [35] . After laser-induced rupture of Bruch's membrane in mice, there is transient increase in VEGF expression in the retina [36] , and if Bruch's membrane is ruptured in rho/VEGF mice that have sustained increased expression of VEGF in photoreceptors, very severe choroidal NV occurs, much greater than that seen at Bruch's membrane rupture sites in wild-type mice [33] . This suggests that VEGF is a critical stimulus for choroidal NV, which was confirmed because it is suppressed by VEGF antagonists [37] . In the monkey model of laser-induced rupture of Bruch's membrane, intraocular injection of ranibizumab, an antibody fragment that binds primate VEGF, suppressed choroidal NV [38] . In contrast, FGF-2 does not play a critical role because FGF-2 knockout mice showed no difference from wild-type mice in the amount of choroidal NV at Bruch's membrane rupture sites [35] . Thus, both RAP and choroidal NV are associated with increased expression of VEGF, but unlike RAP, choroidal NV requires some type of perturbation of Bruch's membrane and/or the RPE. The perturbation is not limited to rupture with a laser because choroidal NV also occurs after subretinal injection of a viral vector containing a Vegf expression construct which causes inflammation in the subretinal space as well as increased expression of VEGF in the retina [39] . RPE cells are polarized and normally secrete VEGF from their basal surface toward the choriocapillaris, and transgenic overexpression of VEGF in RPE is not sufficient to cause choroidal NV, unless there is inflammation in the subretinal space which experimentally can be produced by subretinal injection of an empty adenoviral vector [40] .
Unlike retinal NV in which retinal ischemia is the clear cause of increased production of VEGF, there is no clear evidence of retinal or choroidal ischemia associated with subretinal NV. However, HIF-1 is still important because mice that lack a hypoxia response element in the Vegf promoter develop significantly less NV at Bruch's membrane rupture sites than wild-type mice [41] . Furthermore, other hypoxiaregulated gene products including PDGF-B and SDF-1 have been implicated in choroidal NV similar to the situation in retinal NV [22, 42] . Digoxin inhibits the transcriptional activity of HIF-1 [43] and strongly suppresses retinal and choroidal NV [44] . Oxidative stress is increased in RPE and photoreceptors in AMD, and this may be the cause of increased levels of HIF-1 because mitochondrial reactive oxygen species stabilize HIF-1 by reducing the activity of prolyl hydroxylases [45] [46] [47] . This is consistent with the observations that oxidative stress exacerbates choroidal NV [48] and that antioxidant vitamins and zinc reduce the incidence of choroidal NV in patients with AMD [49] . Thus, while there are substantial differences in the pathogenesis of retinal and subretinal NV, there is also considerable overlap in the vasoactive mediators that participate.
Bone marrow-derived cells
HIF-1-induced upregulation of VEGF and SDF-1 stimulates recruitment and retention of bone marrow-derived cells into ischemic or injured tissue [50, 51] . One type of cell that is recruited is endothelial progenitor cells [52] , but the manner in which they participate is controversial. Endothelial progenitor cells isolated from adult mouse bone marrow by flow cytometry and injected into the vitreous cavity were incorporated into developing retinal vessels and the retinal vessels of rd1 mice with retinal degeneration [53] . In mice treated with whole body irradiation followed by bone marrow transplantation of GFPexpressing cells, substantial numbers of GFP-positive cells were incorporated into retinal and choroidal NV [54, 55] . These studies suggest that after intraocular injection of a bolus of progenitor cells or after whole body irradiation which limits proliferation of endogenous endothelial cells, a substantial proportion of cells making up new vessels in the eye are derived from endothelial progenitor cells; however, in nonirradiated animals, it is not clear to what extent ocular NV is derived from endothelial progenitor cells versus proliferation and migration of endothelial cells from pre-existent ocular vessels. Regardless, it is quite clear that bone marrowderived cells, including endothelial progenitor cells, monocytes/macrophages, and other leukocytes, are recruited into ischemic retina or damaged outer retina and RPE and contribute to retinal and subretinal NV through paracrine stimulation. The role of macrophages is complex because there are multiple macrophage phenotypes, some that stimulate NV and some that suppresses it or cause vascular regression [56] [57] [58] [59] [60] . After entering the retina, macrophages home to areas of NV and surround sprouts [61] . This close association allows stimulation through soluble factors, such as VEGF [51, 60] , as well as Notch and Wnt signaling which requires cell-cell interaction and mediates both stimulation and suppression of NV [62, 63] . Hypoxia, likely through stabilization of HIF-1, may promote a pro-angiogenic macrophage phenotype [64] , but it has been suggested that senescence or chronic viral infection may also contribute [60, 65] . It appears that under most circumstances, other than regression of the hyaloid vasculature in the embryonic or neonatal eye [56, 57] , pro-angiogenic macrophages predominate because interventions that reduce total numbers of macrophages in the circulation [66] or suppress macrophage influx into the eye [22, [67] [68] [69] [70] suppress retinal or subretinal NV. Thus, VEGF antagonists reduce influx of bone-marrow derived cells into ischemic or damaged retina which likely contributes to the therapeutic activity of those antagonists, but there are other ways to more profoundly reduce bone marrow-derived cells from the retina and it must be determined if those approaches add benefit to VEGF antagonists and/or provide an alternative therapeutic approach that is safer.
The Tie2 pathway
In addition to input from soluble factors such as VEGF and PDGF-B, endothelial cells respond to signals from surrounding cells and extracellular matrix (ECM) that influence vascular maintenance and permeability. One such signaling pathway is regulated by Tie2, a receptor tyrosine kinase located predominately on vascular endothelial cells that binds the angiopoietin (Angpt) family of secreted proteins [71] [72] [73] . Angpt 1 is an agonist that binds Tie2 and stimulates its phosphorylation, while Angpt2 acts as an antagonist under most circumstances. Angpt 2 plays an important role in retinal vascular development; it is expressed on the surface of the retina between P0 and P7 when the superficial retinal vessels are developing and after P7 expression shifts to the regions of the developing intermediate and deep capillary beds [74, 75] and retinal vascular development fails to occur in Angpt2 knockout mice [75, 76] . In mice with oxygen-induced ischemic retinopathy, there is ectopic expression of Angpt2 at the retinal surface in association with sprouting of new vessels [75] . Expression of Angpt2 is maintained in adult retina only in horizontal cells in the region of the deep capillary bed and overexpression of VEGF in the retina results in NVoriginating only from the deep capillary bed [29] ; however, co-expression of VEGF and Angpt2 at the surface of the retina results in NV originating from superficial capillaries [77] . Likewise expression of a constitutively active form of HIF-1 at the retinal surface, which increases expression of both VEGF and Angpt2, also causes NV to sprout from superficial vessels [18] . Thus, Angpt2 enables VEGF-induced retinal vascular development and also enables VEGF-stimulated pathologic vessel sprouting.
Double transgenic mice with doxycycline-inducible expression of Angpt2 in photoreceptors (Tet/opsin/ang2 mice) have helped to further clarify activities of Angpt2 in the retina [36] . In mice with ischemic retinopathy, induction of Angpt2 expression between P12 and P17 when VEGF levels are high, markedly increased retinal NV, while induction of Angpt2 expression after P21 when VEGF levels are low, caused rapid regression of retinal NV. Similarly Angpt2 stimulates choroidal NV when VEGF is high and causes rapid regression when VEGF is low. In contrast, double transgenic mice with doxycycline-inducible expression of Angpt1 (Tet/opsin/ang1 mice) demonstrated that Angpt1 is not context-dependent and always suppresses retinal or subretinal NV [78, 79] . These observations suggest that a model developed to explain effects of Tie2 and the angiopoietins in the ovary also applies to their actions in the eye [73] : Stimulation of Tie2 by Angpt1 acts to stabilize retinal or choroidal vessels and reduces their ability to sprout new vessels in the presence of VEGF, whereas Angpt2 promotes dephosphorylation of Tie2, destabilizing vessels and enabling VEGF to stimulate sprouting of NV. After sprouting of new vessels, their continued growth is greater in the presence of both Angpt2 and VEGF than with just VEGF alone, and if VEGF levels decline in the presence of high Angpt2, the new vessels rapidly regress.
The role of extracellular matrix and surrounding cells
At least part of the role of Tie2 seems to be to modulate signaling between vascular endothelial cells and surrounding cells and ECM, which occurs primarily through integrins. Tie2 stimulation by Angpt1 potentiates survival and maintenance signals from surrounding cells and ECM which maintain endothelial cells in a quiescent state. Inhibition of Tie2 signaling by Angpt2 interrupts survival and maintenance signals from surrounding cells and ECM, thereby making endothelial cells more responsive and more dependent upon soluble signals such as VEGF. Hypoxia, injury, and VEGF also cause endothelial cells to change their integrin expression: Endothelial cells participating in NV express high levels of α5β1, αvβ3, and αvβ5, while these are undetectable in endothelial cells of quiescent ocular vessels [80] [81] [82] [83] . These integrins provide survival signals from the ECM to endothelial cells of new vessels and ligands that bind to these integrins induce apoptosis of endothelial cells participating in NV, causing regression of NV with no effect on normal vessels [83] .
Endogenous antiangiogenic proteins
Growth of new vessels requires proteolytic degradation of ECM, which liberates fragments with antiangiogenic activity such as the noncollagenous (NC1) domains of the basement membrane collagens XVIII (endostatin) [84] , XV (restin) [85] , or IV (canstatin) [86] [87] [88] . In many tissues, these antiangiogenic fragments provide negative feedback to terminate angiogenesis, but these control mechanisms are not robust in the eye because retinal and subretinal NV rarely stop or regress spontaneously. However, intraocular injection of recombinant NC1 Fig. 4 Molecular pathogenesis of retinal neovascularization (NV). This is a simplified version of the molecular pathogenesis of retinal NV that illustrates several important molecular signals. It highlights soluble mediators and omits cell-cell and cell-matrix signaling. Retinal NV occurs in diabetic retinopathy and other ischemic retinopathies. The underlying disease process (e.g., high glucose in diabetic retinopathy) damages retinal vessels causing vessel closure and retinal ischemia, which results in elevated HIF-1 levels. HIF-1 upregulates several vasoactive gene products including vascular endothelial growth factor (VEGF), plateletderived growth factor (PDGF-B), placental growth factor (PLGF), stromal-derived growth factor (SDF-1), and their receptors, and angiopoietin 2 (Angpt2). VEGF causes vascular leakage and in combination with Angpt2 causes sprouting of new vessels. VEGF, SDF-1, and PLGF recruit bone marrow-derived cells which provide paracrine stimulation. PDGF-B recruits pericytes which also provide paracrine stimulation domain of collagen IV [89] or gene transfer of endostatin [90, 91] causes regression of retinal or subretinal NV. Since the eye is a relatively isolated compartment, it is well-suited for gene transfer, and this approach has been used in mouse models of retinal and choroidal NV to confirm the antiangiogenic activity of several proteins in addition to endostatin, including pigment epithelium-derived factor (PEDF), sVEGFR1, angiostatin, and vasohibin [92] [93] [94] [95] [96] . Gene transfer provides an appealing approach to provide long-term suppression of ocular NV and is currently being tested in clinical trials (see below).
Clinical trials in neovascular AMD
The mounting evidence from preclinical studies implicating VEGF in ocular NV led to the development of ranibizumab, a 48-kDa antibody fragment that binds all isoforms of VEGF-A (Genentech, Inc., South San Francisco, CA, USA) [97] . Genentech had previously developed a full-length anti-VEGF monoclonal antibody (bevacizumab) for systemic treatment of tumors, but it was felt that the smaller size of ranibizumab would be advantageous for intraocular delivery to enhance penetration through the retina to the choroid and speed clearance from the circulation once it exited the eye. In addition, ranibizumab was affinity matured and is 5-to 20-fold more potent than bevacizumab on a molar basis. The intraocular half-life of ranibizumab in monkeys was 3 days, and serum levels were about 1,000-fold lower than intraocular levels [98] . In patients with neovascular AMD who had reduced vision from intraretinal and subretinal fluid that had leaked from choroidal NV, monthly intraocular injections of ranibizumab for 1 year caused a marked reduction in leakage with resolution of fluid in most patients and substantial improvement in visual acuity [99, 100] . Ranibizumab injections suppress leakage and stop growth of choroidal NV, but usually do not cause regression of NV and when treatment is stopped, leakage and growth usually recur; however, with continued treatment many patients have maintained visual benefits many years.
Aflibercept is a recombinant protein consisting of the binding domains of VEGFR1 and VEGFR2 fused with an Fc fragment, and it strongly suppressed subretinal NV in mice [101] and showed similar benefit as ranibizumab in patients with neovascular AMD [102] . Off label use of bevacizumab in patients with neovascular AMD has also shown similar benefit to that seen with ranibizumab [103] . Thus, multiple VEGF antagonists have shown strong efficacy in patients with neovascular AMD confirming that VEGF plays a major role in the pathogenesis of subretinal NV and demonstrating the predictive value of the mouse models of subretinal NV.
Recent studies in patients with neovascular AMD demonstrated that monthly injections of an aptamer that specifically binds PDGF-B combined with ranibizumab provided Oxidative stress in the retinal pigmented epithelium (RPE) and photoreceptors causes increased levels of HIF-1, which upregulates vasoactive gene products as described above. Retinal angiomatous proliferation occurs if VEGF levels in photoreceptors are sufficiently high to cause an adequate gradient that reaches to the deep capillary bed of the retina. Choroidal NVoccurs if there is elevation of VEGF and Angpt2 combined with perturbation of Bruch's membrane and the RPE. The other HIF-1-responsive gene products fuel the process similar to the situation in retinal NV significantly better visual improvement and more frequent regression of NV than injections of ranibizumab alone [104] . Thus, PDGF-B is a second validated target that was also predicted in preclinical studies. Intraocular injection of an adenoviral vector expressing PEDF showed good safety and evidence of biologic activity confirming preclinical studies in mice and providing proof of concept for gene transfer of antiangiogenic proteins as a therapeutic approach in neovascular AMD [105] . This has led to clinical trials utilizing long-term expression vectors, one in which adeno-associated viral vector 2 is used to express a VEGF binding protein (modified sFlt1) and one in which a lentiviral vector is used to express endostatin and angiostatin [106, 107] .
Conclusions
Many aspects of the molecular pathogenesis of retinal (Fig. 4 ) and subretinal NV (Fig. 5 ) have been elucidated. In both, there is increased HIF-1 activity causing increased production of several hypoxia-regulated vasoactive gene products. Studies in animal models predicted that VEGF plays a major role and this has been validated in clinical trials. VEGF antagonists provide major benefits in patients with neovascular AMD and other types of ocular NV. A second validated target is PDGF-B, and combination therapy with VEGF and PDGF-B antagonists is in late stage clinical testing. In the future, antagonists of other hypoxia-regulated gene products may be added to anti-VEGF and anti-PDGF-B agents or drugs that directly target HIF-1 may be used to achieve "single agent combination therapy." Ocular gene delivery to provide sustained expression of anti-angiogenic proteins is also being tested and holds considerable promise. Since 2006, the treatment of blinding vascular diseases of the eye has been tremendously improved, and it is likely that substantial further improvement will occur in the near future.
